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OPTICAL SOURCE WITH PASSIVE PULSE
SHAPING

TECHNICAL FIELD

The present disclosure generally relates to sources of opti-
cal pulses, and more particularly relates to sources of sub-
picosecond optical pulses incorporating optical amplifiers
with passive pulse pre-shaping.

BACKGROUND

Ultrashort optical pulses are useful 1n a variety of applica-
tions, including maternals processing such as micromachin-
ing, ophthalmology, biomedical imaging, ultratast spectros-
copy, ultra-high-speed optical networks, reaction triggering,
ctc. Energetic optical pulses of sub-picosecond and femto-
second (Is) duration may be produced by sending seed optical
pulses from a lower-power optical source, such as a mode-
locked laser, through an optically pumped broad-band power
amplifier. However, short pulses that propagate through such
amplifiers may experience amplitude and/or phase degrada-
tion, such as gain narrowing and self-phase modulation,
resulting 1n an undesired broadening of an output pulse. The
pulse shape degradation 1n optical amplifiers may be at least
partially overcome by ultrafast active pulse shaping tech-
niques developed earlier for telecommunication applications,
such as for example temporal pulse shaping using acousto-
optic modulators or spectral pulse shaping using liquid crys-
tal spatial light modulators. Implementing active pulse shap-
ing techmiques for multi-pass and regenerative optical
amplifiers based on Ti:Saphire gain elements, which optical
gain bandwidth may be as high as 200-300 nanometers (nm),
resulted 1n optical sources of 3-20 1s pulses geared for scien-
tific research applications. However, the active pulse shaping
may require the use of fast optical modulators and compli-
cated control and feedback loops, thereby considerably com-
plicating the amplifier design and raising cost. Another tech-
nique for pulse shaping in Ti:sapphire amplifiers relies on the
use ol an intra-cavity shallow broad-band filter inserted
within the multi-pass cavity of the amplifier. This technique
may not be, however, directly applicable to single-pass opti-
cal amplifiers that are based on gain elements that have a
much higher peak gain value but a narrower gain bandwidth
than the Ti:sapphire material, such as for example single-
crystal Yb: YAG rods or disks. Optical pulse sources based on
such gain elements with 10 dB of gain or more per pass that
may be capable of generating somewhat longer sub-picosec-
ond pulses of 400-800 s duration are of interest for industrial
application, and may benefit from an inexpensive pulse
shaper to combat the gain narrowing eflect in the amplifier.

Accordingly, 1t may be understood that there may be sig-
nificant problems and shortcomings associated with current
solutions and technologies for providing sub-picosecond
optical pulses 1n optical sources using high-gain narrow-
bandwidth gain elements.

SUMMARY

Accordingly, the present disclosure relates to an optical
pulse source comprising a seed optical source for generating,
a seed optical pulse of a sub-picosecond duration, an optical
amplifier for amplifying the seed optical pulse, and a pulse
shaping filter disposed in the path of the seed optical pulse for
broadening the seed optical pulse i spectrum prior to the
amplifying so as to pre-compensate for a gain narrowing
eifect in the optical amplifier. The optical amplifier may com-
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2

prise a gain element providing a bell-like gain spectrum with
a gain bandwidth of 2 to 20 nanometers and a single-pass
optical gain of at least 3 dB. The optical amplifier may be a
single-pass amplifier or a double-pass amplifier. In accor-
dance with one feature of the present disclosure, the pulse
shaping filter may comprise a thin-film notch filter with a
notch bandwidth 1n the range of 2 to 20 nm. In accordance
with another feature of the present disclosure, the pulse shap-
ing filter may comprise a mirror that 1s optically coupled to
the thin film notch filter 1n a multi-pass configuration wherein
the seed optical pulse 1s filtered by the thin film notch filter
two or more times prior to entering the optical amplifier.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments disclosed herein will be described in greater
detail with reference to the accompanying drawings, which
represent preferred embodiments thereof and 1n which like
elements are indicated with like reference numerals, and
wherein:

FIG. 11s a general block diagram of an optical pulse source
including a passive pulse pre-shaper;

FIG. 2 1s graph schematically 1llustrating optical spectra of
a seed pulse (a), an amplifier gain and the gain narrowing
elfect (b), a transmission characteristic of an exemplary pulse
pre-shaping filter (c), a pre-shaped seed pulse (d), and an
amplified output pulse (e);

FIG. 3A 15 a schematic diagram of an embodiment of the
optical pulse source of FIG. 1 with a retlective pulse shaping

filter 1n front of a single-pass optical amplifier;

FIG. 3B a schematic diagram of a thin film notch filter;

FIG. 4 1s a schematic diagram of an optical pulse source
with a retlective pulse shaping filter in front of a double-pass
optical amplifier;

FIG. 5 1s a schematic diagram of the optical pulse source of
FIG. 4 with a transmissive pulse shaping filter in front of the
double-pass optical amplifier;

FIG. 6 1s a schematic diagram of an optical pulse source
with a second pulse shaping filter mside the double-pass
optical amplifier;

FIG. 7 1s a schematic diagram of a multi-pass embodiment
of the pulse shaping filter;

FIG. 8 1s a schematic diagram of an embodiment of the
optical pulse source of FIG. 3 with a multi-pass pulse shaping
filter 1n front of the single-pass optical amplifier;

FIG. 9 1s a graph illustrating an exemplary transmission
characteristic of a thin-film notch filter embodying the pulse-
shaping filter.

DETAILED DESCRIPTION

In the following description, for purposes of explanation
and not limitation, specific details are set forth, such as par-
ticular optical devices, assemblies, techniques, etc. 1n order to
provide a thorough understanding of the present invention.
However, it will be apparent to one skilled 1n the art that the
present invention may be practiced in other embodiments that
depart from these specific details. In other instances, detailed
descriptions of well-known methods, devices, and optical
assemblies are omitted so as not to obscure the description of
the present mvention. Note that as used herein, the terms
“first”, “second” and so forth are not intended to imply
sequential ordering, but rather are intended to distinguish one
clement from another unless explicitly stated. The terms
“transmission” and “transmission characteristic” as used
herein refer to a characteristic of an optical filter that relates
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an put spectrum 1nto the filter to an output spectrum from
the filter, and thus may be used to describe both transmissive
and reflective filters.

Embodiments described herein relate to optical pulse
amplifiers that utilize gain elements based on materials that,
when pumped with suitable pump energy, are capable of
providing optical gain of a relatively high magnitude, for
example about or greater than 3 dB 1n a single pass, or pret-
erably about or greater than 10 dB in a single pass, but of a
relatively low gain bandwidth, for example less than 20
nanometers (nm), or more typically in the range of 2 to 10 nm.
Examples include, but are not limited to, gain elements based
on ytterbtum (Yb) doped materials such as Yb:YAG (Yb
doped yttrium aluminum garnet), Yb:KYW, Yb:KGW (Yb
doped monoclinic potassium double tungstates), Yb:CALGO
(Yb:CaGdAlQO,), Yb:Lu203, and Yb:LuScO3, and 1n par-
ticular single-crystal gain elements based on these matenals.
In the context of the present disclosure, the term “width”,
when used with reference to a feature defined 1n the time or
frequency domain, such as a pulse or a spectral line or peak,
means the full width athalf maximum (FWHM) of the respec-
tive feature, unless clearly stated otherwise.

With reference to FIGS. 1 and 2, an optical pulse source 10
generally illustrated in FI1G. 1 includes a seed optical source 5,
which 1s configured for generating seed optical pulses 11 of a
sub-picosecond duration, and an optical amplifier 30 for
amplifving the seed optical pulses and for producing there-
from output optical pulses 15 of a greater pulse energy. The
seed optical source 5 may be embodied using any suitable
source of optical pulses of a desired width that 1s wavelength-
matched to the optical amplifier 30, including a bulk solid-
state laser, micro-disk, fiber or semiconductor laser with
active, passive or hybrid mode-locking Examples of such
optical pulse sources are described 1n “Ultrafast semiconduc-
tor laser-diode-seeded Gr:LiSAF regenerative amplifier sys-

tem”, by Peter J. Deltyett et al, APPLIED OPTICS, 20 May
1997, Vol. 36, No. 15; “Highly-stable monolithic femtosec-
ond Yb-fiber laser system based on photonic crystal fibers”,
by Xiaomin Liu et al, OPTICS EXPRESS 19 Jul. 2010/Vol.
18, No. 15, pp. 15476-15483; “High-power ultrafast thin disk
laser oscillators and their potential for sub-100-femtosecond
pulse generation” by T. Siidmeyer et al, Appl Phys B (2009)
97: pp. 281-295; and “Diode-pumped femtosecond Yb:KGd
(WO4)2 laser with 1.1-W average power”, by F. Brunner et al,
OPTICS LETTERS Aug. 1, 2000, Vol. 25, No. 135, pp 1119-
1121, all of which are incorporated herein by reference. By
way ol example, 1n one representative embodiment the seed
optical source 5 may be in the form of a mode-locked Yb
doped fiber or solid-state laser source as known 1n the art,
which 1s configured for emitting sub-picosecond seed optical
pulses 11 that may be for example a few hundred femtosec-
ond long, with the pulse duration 1n the range o1 100 s to 600
ts and a spectral width 32 (FIG. 2, panel (a)) 1n the range of 1
to 15 nm. In one or more exemplary embodiments described
herein, the optical amplifier 30 may include, or be 1n the form
of, an optical gain element having in operation a bell-like gain
spectrum 33 (FIG. 2, panel (b)) peaking at a gain central
wavelength A, and having a spectral bandwidth 34 that may
be 1n the range of 2 to 20 nm, or in the range of 2 to 10 nm
typically for Yb-doped gain materials. The gain element may
provide a single-pass optical gain of at least 3 dB 1n magni-
tude, and more preferably at least 10 dB or greater, for
example 1n the range of 10 to 30 dB. Accordingly, the ampli-
fier 30 may be a single-pass amplifier or a double-pass ampli-
fier, wherein the seed pulses travel through the gain element
no more than once in each direction. Due to a relatively high
single-pass gain resulting in a high pulse power after travel-
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4

ling the gain element once or twice, passing the pulses
through the gain element more than twice may not be usetul
due to the gain saturation in the gain medium and/or detri-
mental thermal effects therein that may lead to beam distor-
tions.

Turming now to FIG. 2 while continwming to refer to FIG. 1,
the seed optical pulses 11, which optical spectrum 31 1s
schematically illustrated 1n panel (a) of the figure, may expe-
rience pulse broadening in the optical amplifier 30 due to the
gain narrowing eifect in the amplifier 30 as generally known
in the art. The gain narrowing in the optical amplifier occurs
when the width 34 of the amplifier gain spectrum 33 (FIG.
2(b)) 1s close to, or smaller than, the spectral width 32 of the
seed optical pulse 11, so that the wavelengths close to the gain
central wavelength A, corresponding to the peak of the gain
spectrum 33 experience stronger amplification than the wave-
lengths further away from the gain peak wavelength A,
resulting 1n the narrowing of the optical spectrum of the pulse
as 1t propagates through the amplifier and a corresponding
broadening of the output pulse 1n time domain. This 1s sche-
matically 1llustrated in FIG. 2 (b), wherein the solid curve 33
illustrates the gain spectrum of the amplifier, and the dashed
curve 33 illustrates the narrower spectrum of the output opti-
cal pulse when the seed optical pulse 11 1s sent directly into
the optical amplifier 30, with a spectral width 36 of the output
pulse being smaller than the spectral width 32 of the input
seed pulse. By way of example a seed optical pulse having a
temporal width 1n the range 100 to 600 fs at the input of the
amplifier 30 may be broaden 1n time by a factor of about two
or more at the output of the amplifier 30, which may result 1in
the pulse width of the output pulse 15 exceeding one pico-
second.

Referring now back to FIG. 1 while continuing to refer to
FIG. 2, a pulse shaping filter 20 may be disposed 1n the path
of the seed optical pulse 11 prior to the amplifier 30 1n order
to eliminate, or at least lessen, the undesirable efiects of the
gain narrowing in the amplifier 30 on the pulse width of the
output pulse 15. The pulse shaping filter 20 may be config-
ured for broadening the optical spectrum of the seed optical
pulse 11 prior to the amplifying in the amplifier 30, so as to
pre-compensate for the narrowing of the pulse spectrum in the
optical amphﬁer 30. The seed optical pulses that are pre-
shaped, 1.¢. spectrally broadened, by the action of the pulse
shaping {filter 20 may also be referred to herein as the pre-
shaped seed pulses 13 or as spectrally broadened seed pulses
13. The transmission characteristic of an exemplary filter 20
1s schematically illustrated 1n FI1G. 2 (¢), and 1s configured so
as to attenuate light 1n the seed optical pulses stronger at the
central wavelength A, of the bell-like gain spectrum 33 than at
the wings thereof, thereby effectively flattening a top portion
of the seed pulse spectrum and thus broadening 1t, 1.€. increas-
ing its FWHM width. Asillustrated 1n FI1G. 2 (¢), filter 20 may
be described, substantially, as anotch filter having anotch, 1.¢.
local minimum, 19 in 1ts transmission characteristic at a
desired notch central wavelength A, In a preferred embodi-
ment, the gain central wavelength A, matches the central
wavelength of the seed pulse spectrum 31, and filter 20 1s
configured with the notch 19 centered at the central wave-
length A that 1s substantially equal to the central wavelength
A, of the bell-like gain spectrum 33 of the amplifier gain
element, 1.e. A=A, resulting in the flattened optical spectrum
38 of the pre-shaped seed pulse 13 at the output of filter 20, as
illustrated in FIG. 2 (d). If the gain central wavelength A, and
the central wavelength of the seed pulse spectrum 31 do not
coincide, the transmission notch 19 of filter 20 may be cen-
tered at a suitable wavelength between peaks of the amplifier
gain spectrum 33 and seed pulse gain spectrum 31, which
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may be selected so as to pre-compensate for the amplifier gain
narrowing effect on the seed pulse spectrum. By suitably
selecting the shape and depth of the notch 19 1n the transmis-
s1on characteristic 37 of filter 20, the gain narrowing effect of
the amplifier 30 may be substantially eliminated or at least
lessened.

Referring now to FIG. 3A, there 1s illustrated one exem-
plary embodiment of the optical pulse source 10 1n the form of
a pulse source 100. It includes a single-pass optical amplifier
101 embodying amplifier 30 of FIG. 1, a seed pulse source
110 that may be substantially as described hereinabove with
reference to seed optical source 5 of FIG. 2, and a reflective
thin-film filter 120 embodying the pulse shaping filter 20. The
single-pass optical amplifier 101 includes a gain element 130,
which 1s coupled to an optical pump 140 in an end-pumping
configuration using a coupling lens 138 and a dichroic mirror
125, with the latter functioning also as an output coupler for
the amplified output pulses 15. It will be appreciated that
other pumping arrangements may also be possible and are
generally within the scope of the present disclosure. The gain
clement 130 may be for example 1n the form of a thin rod of
a suitable gain material such as Yb:YAG and the like.
Examples of suitable gain elements are described, for
example, 1n “High-power ultratast thin disk laser oscillators
and their potential for sub-100-femtosecond pulse genera-
tion” by T. Studmeyer et al, Appl Phys B (2009) 97: pp.
281-295 and “Direct amplification of ultrashort pulses 1n
u-pulling-down Yb:YAG single crystal fibers” by Yoann
Zaouter et al, OPTICS LETTERS, Mar. 1, 2011, Vol. 36, No.
S, pp. 748-730, both of which are incorporated herein by
reference. The gain element 130 provides positive optical
gain for the seed optical pulses 11 or the pre-shaped seed
pulses 13 when suitably pumped; for example the gain ele-
ment 130 made of Yb:YAG may provide the optical gain
centered at the gain peak wavelength A, of about 1030 nm
with the gain spectral width 34 of 3-6 nm when optically
pumped at a pump wavelength of about 940 nm. The optical
pump 140 may be, for example, 1n the form of a high-bright-
ness laser diode, which may be fiber-coupled as known 1n the
art. A lens 128 may be used to couple a seed beam of the
pre-shaped seed pulses 13 into the gain element 130. The
dichroic mirror 125 1s configured to transmit the pump light
77 therethrough into the gain element 130, and to reflect the
amplified output pulses 15 1n an output direction, as generally
known 1n the art. Although a counter-propagating pumping,
arrangement 1s shown by way of example, 1t will be appreci-
ate that a co-propagating pumping arrangement 1s also pos-
sible and would not change principles of operation of the
amplifier 101 and the pulse source 100 that are relevant for the
present disclosure.

Referring to FIG. 3B, the reflective thin film notch filter
120 may be embodied, for example, as a stack of thin film
layers 52 disposed on a reflective substrate 51. The stack of
thin film layers 52 may be configured to have, in reflection,
the transmission filter characteristic 37 of the notch filter as
generally described hereinabove with reference to FIG. 2(¢)
and filter 20. The desired depth and width of the notch 19
provided by the stack of thin film filters 52 may be selected for
a particular gain element 130, and may depend on a target
range of pump power and amplification level. By way of
example, the notch 19 in the wavelength transmission char-
acteristic 37 of the thin film notch filter 120 that 1s configured
for use with a Yb: YAG gain element may be 2 to 6 nm wide,
and 10% to 30% deep relative to a maximum transmission of
the filter.

Referring back to FIG. 3A, the reflective thin {ilm notch
filter 120 1s oriented to direct seed optical pulses 11 from the
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seed optical source 110 into the gain element 130, while
broadening them as described hereinabove with reference to
FIGS. 1 and 2, so as to pre-compensate for the gain narrowing
cifect 1n the gain element 130. Further as described herein-
above with reference to FIGS. 1 and 2, a desired optimum
pre-shaping of the seed optical pulses 11 may require that the
notch center wavelength A, 1s accurately aligned with the
center wavelength ol the gain peak A, of the gain element 110.
In embodiments wherein the gain spectrum bandwidth 34 of
the gain element 130 1s narrow, for example 1n the range o1 2-6
nm, as maybe the case when the gain element 130 1s embodied
as a single-crystal Yb:YAG matenial or the like, the desired
value of the notch center wavelength ?,- may be however
difficult to achieve reliably and with a sufficient accuracy 1n
the production of the thin film filter 120. Accordingly, in one
embodiment filter 120 may be rotatable so as to enable the
tuning of the notch center wavelength A -to the desired wave-
length, for example to enable 1ts accurate alignment with the
peak gain wavelength A,. In one exemplary embodiment, the
thin film notch filter 120 may be positioned on a rotating stage
112 for rotating the filter and tuning 1ts transmission charac-
teristic in wavelength. It will be appreciated that a rotation of
the filter 120 by an angle a about 1ts axis of rotation may
require rotating the seed source 110 about the same axis by
20, so as to maintain the optical alignment between the seed
source 110 and the gain element 130.

Turning now to FIG. 4, there 1s 1llustrated an optical pulse
source 200 which may be viewed as an embodiment of the
optical pulse source 100 of FIG. 3A wherein the single-pass
amplifier 101 1s converted into a double-pass amplifier 201 by
the addition of a mirror 230 at a distal end of the gain element
130, and an output coupler 225 at a proximate (to the seed
source) end of the gain element 130. The mirror 230 returns
amplified seed pulses, after their first pass through the gain
clement wherein they propagated through the gain element 1n
a forward direction, back into a distal (from the seed source)
end of the gain element 130 for propagating in the gain
clement 130 1n the reverse direction towards 1ts proximate
end. The output coupler 225 may be embodied for example
using a polarization beam splitter (PBS), with a quarter wave
plate (QWP) 223 added within the double-pass arrangement
of the amplifier 201, for example 1n front of the mirror 230.
The PBS 225 receives the amplified seed pulses 15 from the
proximate end of the gain element 130 after their propagation
through the gain element 130 1n the reverse direction, with
their polarization rotated by 90 degrees by a double pass
through the QWP 223 with respect to the polarization of the
pre-shaped seed pulses 13 at the iput of the amplifier 201,
and re-directs them 1n the output direction. Since the gain
narrowing eifect in the double-pass amplifier 201 may be
stronger than 1n the single-pass amplifier 101 of the optical
pulse source 100 of FIG. 3 A for a same or similar single-pass
gain 1n the gain element, the thin film notch filter 120 in the
optical source 200 may be configured to have a somewhat
deeper notch 1n 1ts transmission characteristic than in the
optical pulse source 100, so as to provide a stronger attenua-
tion at the gain central wavelength A,.

Referring now to FIG. 5, the pulse shaping filter 20 may
also be embodied 1n transmission using a transmissive thin
{1lm notch filter 220 having the transmission characteristic as
generally described hereinabove with reference to FIGS. 1-4.
Filter 220 may be for example a thin film interferometric filter
that may be fabricated by depositing a suitably configured
stack of thin film layers on a transparent, for example glass,
substrate. Although FI1G. 5 illustrates a variation of the optical
pulse source 200 with the double-pass optical amplifier, 1t will
be appreciated that the transmissive filter 220 may also be




US 9,401,580 Bl

7

used 1n embodiments with the gain element 1n a single-pass
configuration, such as that illustrated 1n FIG. 3A.

In the double-pass embodiments described hereinabove
with reference to FIGS. 4 and 5, the pulse shaping filters 20,
120 and 220 are disposed operationally 1n front of the double-
pass configuration formed by the mirror 230 and the output
coupler 225, so that the pulse-shaping filter receives only
non-amplified seed pulses 11. The positioning of the pulse
shaping filter operationally in front of the optical amplifier
and outside of the double-pass arrangement 225-230 reduces
the likelthood of damaging the thin film coatings of the pulse
shaping {filter by optical pulses, which may be particularly
advantageous m embodiments with a high single-pass gain
and high output optical power from the amplifier. However,
embodiments including a pulse shaping filter within a multi-
pass optical amplifier may also be envisioned within the
scope of the present disclosure. One such embodiment 1s
illustrated 1n FIG. 6, which differs from the embodiment of
FIG. 5 by the addition of a second pulse shaping filter 221
inside the double-pass optical configuration of the double-
pass amplifier 401 defined by the mirror 230 and the output
coupler 225. In the illustrated exemplary embodiment, the
second pulse-shaping filter 221 1s a transmissive filter that 1s
disposed between the gain element 130 and the mirror 230,
and 1s passed twice by the pulses being amplified. One poten-
tial advantage of this configuration 1s that 1t may allow using,
interferometry filters having shallower notches in their trans-
mission characteristic as compared to filter 220 of FIG. 5,
which may be easier to manufacture. It will be appreciated
that the second transmissive filter 221 may also be added
within the double-pass optical amplifier 201 of the embodi-
ment of FIG. 4 having a reflective thin film filter 120 1n front
of the amplifier.

In various embodiment, the pulse shaping filter 20, 120 or
220 may be configured so that 1s transmits at least 95% of
incident light at a wavelength few nanometers away from the
central wavelength A, of the bell-like gain spectrum 33 of the
gain element 130, and to transmit less than 85% of the 1nci-
dent light at the gain peak wavelength A, or the central
wavelength A -of the notch 19 1n the transmission or reflection
characteristic of the filter. The shape, width and depth of the
notch 19 1n the transmission or reflection characteristic of the
pulse shapmg filter 20 should preferably be optimized for a
particular gain element and amplifier arrangement, and may
differ for different embodiments. FIG. 9 illustrates an exem-
plary transmission characteristic of the pulse shaping filter 20
for an embodiment of FIG. 3 with a single-pass amplifier
using a Yb:YAG gain element with a single pass gain in the
range of 7-13 dB. The exemplary filter, which may be embod-
1ied as a reflective or transmissive thin film filter as described
hereinabove, has a notch 1n i1ts transmission characteristic that
1s centered at the Yb: YAG gain peak wavelength o ~1030 nm,
and has an approximately inverse Gaussian shape with a
FWHM width 1n the range of 3 to 5 nm that may match, or be
slightly less, than the gain spectral width of the Yb: YAG gain
clement, with the depth of the notch of about 20% of 1ts
maximum transmission. In other embodiments target values
of the width an depth of the notch 1n the filter transmission
characteristic may be different, for example depending on the
spectral shape and magnitude of the single-pass or double-
pass gain spectrum of the gain element, and on the overall
amplifier design. For example, some embodiments may ben-
efit from filters with the depth of the notch 1n the filter trans-
mission 1n the range of 10% to 30%, and up to 50%, and with
the notch spectral width as small as 2 nm.

Referring now to FI1G. 7, the pulse shaping filter 20 may be
embodied as a multi-pass filter 320, which includes a mirror
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155 that 1s optically coupled to the retlective thin film notch
filter 120 1n a multi-pass configuration. In the multi-pass filter
320, the seed optical pulse 11 1s filtered by the thin film notch
filter 120 two or more times prior to being directed to an
optical amplifier. This multi-pass filter configuration may be
usetul, for example, when a thin film filter with the desired
combination of the width and depth of notch 19 in the filter
transmission characteristic 1s difficult to manufacture reli-
ably. By reflecting the seed pulses from the same thin film
notch filter 120 several times without passing the pulses
through the gain element 1n-between consecutive retlections
from the thin film filter, the design of the thin film filter 120
may be to some extent de-coupled from the amplifier design.
It may also enable the use of the thin film filter 120 with the
notch 1n 1ts transmission characteristic that 1s shallower and
broader than that 1s desired for an optimum pulse pre-shaping
in a given amplifier, and which therefore may be easier to
manufacture. Advantageously, the multi-pass pulse shaping
filter 320 may be configured so that, prior to entering the
single-pass or multi-pass optical amplifier 30, the seed optical
pulses 11 are reflected by, or transmitted through, the thin film
notch filter 120 a number of times that 1s greater than the
number of passes thereof through the gain element 130 of the
amplifier. It will be appreciated that the multi-pass filter 320
of F1G. 7 may be used as the pulse shaping filter in front of the
amplifier 1n any of the embodiments described hereinabove.
An example of 1t use as the pulse shaping filter 20 1n front of
the single-pass amplifier 101 1n the optical pulse source 100
of FIG. 3A 1s 1llustrated 1in FIG. 8. It will also be appreciated
that the multi-pass filter 320 may be embodied using a trans-
missive thin film notch filter disposed between two mirrors.

In the exemplary embodiments described hereinabove, the
use ol a passive pulse-shaping thin film filter 1n front of a
single-pass or double-pass amplifier with a gain bandwidth of
3-20 nm to pre-compensate for the gain narrowing eifect 1n
the amplifier enables obtaining up to two times shorter output
optical pulses compared to the same amplifier without a pre-
ceding pulse shaping filter. By way of example, conventional
optical amplifiers based on Yb:YAG gain elements may pro-
vide output optical pulses 1n the range of 700-1200 {s, which
may be shortened to 300-600 1s or less by the addition of the
passive pulse pre-shaping filter in front of the optical ampli-
fier as described hereinabove.

The above-described exemplary embodiments are
intended to be 1llustrative 1n all respects, rather than restric-
tive, of the present invention. Thus the present invention 1s
capable of many vanations in detailed implementation that
can be derived from the description contained herein by a
person skilled in the art. For example, although particular
embodiments described herein may have been described with
reference to gain elements based on Yb: YAG single crystal
rods, crystals, disks, or fibers, gain elements based on other
Yb doped amplifier materials, such as but not exclusively
Yb:YAG, Yh:KYW, Yb:KGW, and Yh:CALGO matenal,
may also be used within the scope of the present disclosure, as
well as other narrow-bandwidth high-gain optical materials
such as those capable of providing optical gain with the 2-10
nm bandwidth and 5 dB or more single pass gain that may be
usetul 1n single-pass and double-pass amplifier designs. In
another example, the pumping and single-pass and double-
pass pulse mput/output arrangements that are illustrated in
the figures and described hereinabove are by way of example
only, and other suitable configurations of the respective opti-
cal amplifiers can also be envisioned based on the present
disclosure. All such and other variations and modifications
are considered to be within the scope and spirit of the present
disclosure as defined by the following claims. Furthermore,
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all statements herein reciting principles, aspects, and embodi-
ments of the invention, as well as specific examples thereot,
are 1tended to encompass both structural and functional
equivalents thereof. Additionally, 1t 1s intended that such
equivalents include both currently known equivalents as well
as equivalents developed 1n the future, 1.e., any elements
developed that perform the same function, regardless of struc-
ture.

Thus, the present disclosure 1s not to be limited 1n scope by
the specific embodiments described herein. Indeed, other
various embodiments of and modifications to the present
disclosure, in addition to those described herein, will be
apparent to those of ordinary skill in the art from the forego-
ing description and accompanying drawings. Thus, such
other embodiments and modifications are intended to {fall
within the scope of the present disclosure. Further, although
the present disclosure has been described herein 1n the context
of a particular implementation 1n a particular environment for
a particular purpose, those of ordinary skill in the art will
recognize that its usefulness 1s not limited thereto and that the
present disclosure may be beneficially implemented in any
number of environments for any number of purposes.

I claim:

1. An optical pulse source, comprising:

a seed optical source configured to generate a seed optical
pulse of a sub-picosecond duration;

an optical amplifier configured to amplify the seed optical
pulse, the optical amplifier comprising a gain element
providing a bell-like gain spectrum with a gain band-
width 1n a range of 2 to 20 nanometers and a gain mag-
nitude of at least 3 dB 1n a single pass; and

a pulse shaping filter disposed operationally 1n front of the
optical amplifier for broadening the seed optical pulse 1n
spectrum prior to the amplifying thereof in the optical
amplifier so as to pre-compensate for a gain narrowing

cifect 1 the optical amplifier.

2. The optical pulse source of claim 1, wherein the optical
amplifier 1s a single-pass optical amplifier.

3. The optical pulse source of claim 1, wherein the optical
amplifier 1s a double-pass optical amplifier.

4. The optical pulse source of claim 1, wherein the pulse
shaping filter comprises a thin film notch filter having a notch
in a wavelength transmission characteristic thereof that is
matched 1n central wavelength and spectral shape to the bell-
like gain spectrum of the gain element.
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5. The optical pulse source of claim 4 wherein the notch 1n
the wavelength transmission characteristic of the thin film
notch filter 1s 2 to 20 nm wide.

6. The optical pulse source of claim 4, wherein the thin film

notch filter 1s configured to have a notch depth 1n a range of
10% to 30%.

7. The optical pulse source of claim 1, wherein the gain
clement comprises Yb doped material.

8. The optical pulse source of claim 7, wherein the Yb
doped material comprises one of: Yb:YAG, Yb:KYW,

Yb:KGW, and Yb:CALGO.

9. The optical pulse source of claim 1, wherein the gain
clement comprises arod of Yb-doped single-crystal material.

10. The optical pulse source of claim 4, wherein the pulse
shaping filter comprises a mirror that 1s optically coupled to
the thin film notch filter 1n a multi-pass configuration wherein
the seed optical pulse 1s filtered by the thin film notch filter
two or more times prior to entering the optical amplifier.

11. The optical pulse source of claim 1, wherein the pulse
shaping filter 1s rotatable for aligning a central wavelength
thereol with a central wavelength of the bell-like gain spec-
trum of the gain element.

12. The optical pulse source of claim 11 comprising a
rotating stage for rotating the pulse shaping filter.

13. The optical pulse source of claim 1, wherein the gain
clement 1s configured for providing an optical gain of at least
10 dB.

14. The optical pulse source of claim 1, wherein the pulse
shaping filter 1s configured to transmit at least 95% of incident
light at a wavelength away from a central wavelength of the
bell-like gain spectrum of the gain element and to transmit
less than 85% ofincident light at the central wavelength of the
bell-like gain spectrum of the gain element.

15. The optical pulse source of claim 1, wherein the optical
amplifier 1s configured so that the seed optical pulses travel
the gain element at most once 1n each direction.

16. The optical pulse source of claim 10, wherein the pulse
shaping filter 1s configured so that a number of times that the
seed optical pulses are transmitted through, or reflected by,
the thin film notch filter exceeds the number of passes through
the gain element.

17. The optical pulse source of claim 4, wherein the gain
clement comprises a rod of Yb:YAG single-crystal material
with the gain magnmitude in a range of 7 to 13 dB 1n a single
pass, and the notch 1n the wavelength transmission character-
istic of the thin film notch filter 1s 3 to 5 nm wide at half depth.
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